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Introduction
Accurate assessment of cardiac function is the corner-
stone of cardiac disease detection and treatment. Left 
ventricular ejection fraction (LVEF), often used as a 
marker for overall cardiac function, is limited by its ina-
bility to assess regional function and has lower sensiti-
vity in detecting early cardiac impairments (1–3).
Strain is a parameter that can be used to assess myo-
cardial regional deformation. By measuring strain in the 
longitudinal, circumferential, and radial orientations, we 
can study cardiac function both regionally and globally 
(4). Myocardial strain imaging thus serves as a valuab-
le diagnostic and prognostic tool for evaluating cardiac 
abnormalities (5).
Currently, cardiovascular magnetic resonance imag-
ing (CMR) serves as the gold standard for the quantifi-
cation of biventricular strain (6). Over the years, there 
have been a number of different CMR methods used 
for assessing strain, including myocardial tagging 
(MT), displacement encoding with stimulated echoes 
(DENSE), and most recently, feature tracking (FT) 
(4). Specifically, CMR FT has emerged as a simple 
post-processing method for quantifying strain (7). It is 
becoming the preferred technique in many research 
and clinical settings for its relative ease in analyzing 
a large amount of cine data. However, despite its re-
lative popularity, CMR FT has disadvantages inclu-
ding inter-vendor differences, potentially low spatial 
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it has the ability to be used in large quantities of already acquired steady-state free procession (SSFP) cine images. 
However, despite its advantages, CMR FT also has numerous disadvantages. Acquisition-based techniques like MT 
and DENSE have better reproducibility in strain measurements than FT. FT is also limited by its spatial and temporal 
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ference values. Future standardization of FT post-processing software must be implemented to interpret the results of 
FT in clinical and research settings.
????????? Feature tracking, strain, CMR
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and temporal resolution, and suboptimal correlation 
with other CMR strain techniques.
The aim of this review is to summarize the general prin-
ciples of CMR FT and describe the advantages and dis-
advantages of its widespread use. Furthermore, we aim 
to provide a recommendation for future directions for 
improving the current landscape of CMR FT.
General Principles of Feature Tracking
CMR FT is based on a pattern-matching technique of 
tracking unique “features” across different images in a 
cardiac cycle (8). First, the endocardial and epicardial 
borders are traced at end diastole, the slice represen-
ting the end of diastolic filling and the best separation 
between the blood pool and myocardial tissue. The 
CMR FT software algorithm then automatically iden-
tifies pixels using a combination of information inclu-
ding tissue-cavity interface, spatial coherence, and sig-
nal-to-noise ratios (9). A pixel is identified in one frame 
and is followed in the next successive frames, leading 
to tracking of myocardial deformations (10).
In order to accurately identify and track the displace-
ment of border, tracking is performed orthogonal to the 
cavity-tissue boundary. Transmural cuts are drawn ort-
hogonal to the cavity-tissue border and columns of pi-
xels are chosen along the transmural line throughout 
the cardiac cycle. In each successive frame, the displa-
cement of the pixels in the columns are measured and 
can be displayed in a 2D representation of change in 
displacement versus time (11).
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FIGURE 1. Strain Analysis by Feature Tracking and DENSE. Strain analysis on the same patient. The top panels show strain 
analysis by feature tracking and DENSE using SuiteHEART (Neosoft, Pewaukee, WI, USA). In feature-tracking, the endocardial 
and epicardial borders are marked by red and green contours, respectively, with myocardium color coded with strain values. 
In DENSE, the endocardial and epicardial borders are marked by red and green contours, respectively, with myocardium 
depicting the 2D displacement field. The bottom panel shows the respective circumferential strain curves derived from feature 
tracking and DENSE. DENSE: Displacement encoding with stimulated echoes.
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The Good – Acquisition
CMR FT quantifies regional deformations in the myo-
cardium by post-processing cine images, which are 
routinely acquired in CMR exams (12). Its main advan-
tage is the lack of need for additional image acquisi-
tion. CMR myocardial tagging (MT) is the gold standard 
technique for the measurement of myocardial strain and 
other strain techniques including 2D speckle-tracking 
echocardiography (STE) have been validated against 
MT (6). Radiofrequency saturation pulses are introdu-
ced in two orthogonal planes to the myocardium, effec-
tively creating a grid of myocardial tags on the myo-
cardium that can be tracked during the cardiac cycle. 
The tracking of myocardial deformations allows for 
the quantification of strain. Various other strain acqui-
sition techniques are available including DENSE and 
strain encoding magnetic resonance imaging (SENC) 
(9). While these techniques might be the most accura-
te non-invasive means of measuring myocardial strain, 
they require specific acquisition and post-processing, 
rendering them predominantly as a research tool.
CMR FT does not require additional image acquisition 
for strain analysis as it utilizes the standard steady-sta-
te free procession (SSFP) cine images for analysis (8). 
Since SSFP is the routine imaging sequence that has 
been the corner stone of CMR imaging for more than 
20 years, there is a vast availability of data in a variety 
of diseases for analysis (8). In spite of the differences 
between the strain values produced by FT software 
packages and by gold standard techniques such as 
tagging and DENSE ??????????, FT usage will continue 
to expand in research and clinical settings.
The Bad – Reproducibility and Resolution
CMR MT, DENSE, and FT all quantify strain differently 
and the few studies done to ascertain FT reproducibility 
and agreement with MT have shown that significant 
differences between the stain values obtained with the 
different methods (13–15). Acquisition-based tech-
niques (MT, DENSE) were also shown to have better 
reproducibility and agreement in segmental strain va-
lues when compared with FT (15). Although global 
strain measurements have better reproducibility than 
regional or segmental strain, some FT software packa-
ges have been shown to consistently and systemati-
cally overestimate strain values (16). In globally measu-
red strains, longitudinal and circumferential strains 
have also been shown to have superior reproducibility 
and agreement than radial strain (17). Since intra- and 
inter-observer reproducibility of FT is not as good as 
MT, the values produced by FT may not be as sensitive 
as MT or DENSE in early disease detection.
Any factors that affect cine imaging would also affect 
FT. CMR FT is limited in spatial and temporal resolu-
tion as compared to MT. While MT uses the inherent 
magnetization properties of the myocardium, FT must 
rely on the already acquired pixel size in tracking defor-
mations (18). Displacements that are smaller than the 
designated pixel size will not be detectable by the FT 
software and thus affect post-processed strain values. 
Pixel sizes that are too big (spatial resolution that are 
too low) may not capture regional abnormalities or may 
underestimate the true extent of myocardial shorte-
ning. Furthermore, depending on the spatial resolution, 
blood pool near the tissue-cavity border may interfe-
re with the tracking software and produce inaccurate 
strain values with associated deformations. Tempo-
ral resolutions that are too low may not capture peak 
strain value properly and thus underestimate strain.
Minimal spatial and temporal resolution has not been 
standardized in SSFP acquisition for FT analysis.  In 
STE, a minimal of 30 frames per second is required to 
post-process for strain (19). This is equivalent of 33 ms 
temporal resolution for CMR. In addition, studies with 
SSFP images acquired at different spatial or temporal 
resolutions cannot be simply combined for analysis due 
to differences in strain values that can be obtained from 
the SSFP images just based on different spatial or tem-
poral resolutions.
Whether or not the cine imaging was obtained pre or 
post contrast injection can also affect FT values (20). 
FT algorithms depend on the clear contrast between 
blood and myocardium in SSFP images. Due to dec-
reased contrast-to-noise ratios from extracellular cont-
rast agents, FT on cine images obtained post-contrast 
have lower strain values and are also significantly less 
reproducible than pre-contrast strain values (20).
The Ugly – Inter-vendor Differences  
in Post-Processing and  
Lack of Standardization
Because of the relative ease of FT post-processing, 
there are currently more than 10 available CMR FT 
software packages in research and clinical settings. 
Different software packages such as TomTec (TomTec 
Imaging Systems, Germany) and CVI42 (Circle Car-
diovascular Imaging, Calgary, Canada), use different 
algorithms in their post-processing package to quan-
tify strain values. Due to the proprietary nature of the 
commercial algorithms, the exact methodology of how 
they obtain stain values is unclear, making it difficult to 
directly compare and understand the differences in va-
lues produced by different software packages. A recent 
study comparing inter-vendor agreements and repro-
ducibility between TomTec and CVI42 found that there 
were significant inter-vendor variability (20).
The inter-vendor differences in CMR FT software 
packages will affect the strain measurements obtained. 
Although CMR is recognized as the gold standard for 
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the quantification of strain, one study reported that STE 
provided stronger prognostic value in predicting cardio-
vascular mortality in heart failure with preserved ejection 
fraction patients (21). The discrepancy bet ween the 
prognostic value of STE and CMR may be due to the 
selection of certain post-processing FT software and 
not the imaging modality. The fact that there are so 
many different FT software has further amplified this 
problem. This underscores the need for standardization 
of SSFP acquisition parameters, post-processing algo-
rithms, and software specific reference standards for 
strain values in FT software packages.
Conclusion
Myocardial strain measurements provide additive di-
agnostic and prognostic information to conventional 
cardiac functional markers such as EF and ventricu-
lar volumes. CMR FT provides an easy way to obtain 
strain values through SSFP cine images without any 
additional specific image acquisition. CMR FT post-pro-
cessing is also fast, gaining it widespread popularity in 
research and clinical settings. However, FT is hindered 
by a number of disadvantages as well. FT has lower 
reproducibility and resolution than conventional gold 
standard MT or DENSE techniques. More importantly, 
FT is vendor-dependent. There is significant variabi-
lity of strain measurements between different software 
packages, which may affect the generalizability of clini-
cal outcomes of data analyzed by FT. Future standardi-
zation of FT software practices must be implemented in 
order to continue widespread adoption of FT in clinical 
and research settings.
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